The neural substrate underlying learned vocal behavior in songbirds provides a textbook illustration of anatomical localization of function for a complex learned behavior in vertebrates. The song-control system has become an important model for studying neural systems related to learning, behavior, and development. The song system of zebra finches is characterized by a heightened capacity for both neural and behavioral change during development and has taught us valuable information regarding sensitive periods, rearrangement of synaptic connections, topographic specificity, cell death and neurogenesis, experience-dependent neural plasticity, and sexual differentiation. The song system differs in some interesting ways from some well-studied mammalian model systems and thus offers fresh perspectives on specific theoretical issues. In this highly selective review, we concentrate on two major questions: What are the developmental changes in the song system responsible for song learning and the restriction of learning to a sensitive period, and what factors explain the highly sexually dimorphic development of this system? We discuss the important role of sex steroid hormones and of neurotrophins in creating a male-typical neural song circuit (which can learn to produce complex vocalizations) instead of a reduced, female-typical song circuit that does not produce learned song.
INTRODUCTION

A Brain-Behavior System
Zebra finches are born in a highly altricial state and are dependent on their parents to feed them for the first 30-40 days of life. They fledge from the nest at around 20 days of age, which seems to be the time of onset of active vocal learning. Specific auditory experience during a restricted period of development is necessary for vocal learning to proceed normally: Juvenile male zebra finches must hear song from approximately 20 to 40 days of age in order to reproduce an accurate copy of that song later in development (e.g. Böhner 1990 ; for review, see Bottjer 1991) . Zebra finches begin to produce their first song-related vocalizations around 25 days of age, and they gradually refine their utterances until they achieve a close match to the external "tutor" sounds they have heard earlier. By 80-90 days, zebra finches are sexually mature and produce a stereotyped song pattern that will be maintained without changes throughout their adult life ( Figure 1 ). In addition to hearing an external song model during early development, males must hear their own vocalizations during the period of song learning: Auditory feedback is necessary for juvenile birds to learn to adjust the motor patterns giving rise to vocal output so that the latter gradually comes to match the tutor song (Price 1979) . Once a stereotyped song is produced, adults also rely on auditory feedback to maintain that stable song pattern (Nordeen & Nordeen Individual syllables of the song pattern are labeled with letters (a-f ; i = introductory note). Juvenile male zebra finches produce their first song-related vocalizations starting around 25 days of age. These sounds bear little resemblance to the tutor songs they are learning to copy, but they become progressively more similar until they achieve their final, stable form between 75 and 90 days of age. y axis = frequency of sound in kilohertz; x axis = time (total song sample shown here is 1.5 s in duration; note f = 125 ms). (Lower panel) Sagittal view of adult male zebra finch brain, showing a highly simplified schematic of the major circuits controlling vocal learning and behavior. HVC contains two separate populations of projection neurons, one sends axons to RA and the other to Area X. The HVC → RA pathway regulates production of already learned songs in adult birds and is assumed to be involved with later stages of song learning in juveniles. The HVC → X → DLM → lMAN → RA pathway is necessary for normal song production during early stages of vocal learning but is clearly not on the main motor pathway for vocal behavior in older juveniles and adults (see text). Separate populations of neurons in the thalamic nucleus DLM project to distinct regions of lMAN (core versus shell), such that independent pathways from the thalamus to motor cortex traverse the forebrain in parallel. Abbreviations: lMAN (lateral magnocellular nucleus of the anterior neostriatum; c = core, magnocellular region, s = shell, parvocellular region), X (Area X of the avian striatum), HVC (high vocal center), RA (robust nucleus of the archistriatum), Ad (dorsal archistriatum), DLM (medial dorsolateral nucleus of the thalamus), nXIIts (tracheosyringeal portion of the hypoglossal nucleus). Annu. Rev. Neurosci. 1997.20:459-481 . Downloaded from www.annualreviews.org by SCELC Trial on 09/18/14. For personal use only.
1992). Song behavior is highly sexually dimorphic: Normal adult females never sing, even if treated with testosterone. However, females treated with sex hormones soon after hatching produce male-typical songs as adults (Gurney & Konishi 1980 , Pohl-Apel & Sossinka 1985 , Simpson & Vicario 1991 . The behavioral dimorphism predicts a neural sex difference, and this was dramatically confirmed by Nottebohm & Arnold (1976) , who discovered that the size of cortical song-control nuclei are several times larger in males than in females. Lesions of HVC or RA disrupt stereotyped song behavior in adult males and are part of a direct efferent system linking the cortex with descending motor circuitry that activates vocal musculature , Simpson & Vicario 1990 , Wild 1993 (Figure 1 ). The activity of HVC neurons in awake, singing birds correlates precisely with production of specific song syllables, indicating that the HVC → RA pathway is part of the on-line circuitry for producing learned vocal patterns in adult birds (McCasland & Konishi 1981; cf Vu et al 1994) .
A scenic synaptic route also exists from HVC to RA: A separate population of neurons in HVC projects to Area X in the basal ganglia, which relays through the thalamic nucleus DLM to the cortical region lMAN, which projects onto the same RA neurons that receive inputs from HVC (Bottjer et al 1989 , Herrmann & Arnold 1991 . Vates & Nottebohm (1995) recently demonstrated that RA-projecting neurons in lMAN send axon collaterals to Area X, which creates a forebrain loop connecting X, DLM, and lMAN ( Figure 1) . Lesions of the X → DLM → lMAN pathway have no effect on song behavior in adult birds, but lesions in this pathway during early stages of song acquisition profoundly disrupt song behavior in juveniles (Bottjer et al 1984 , Sohrabji et al 1990 . The effectiveness of lMAN lesions in juvenile males dramatically decreases around 55-60 days of age, which seems to correlate with the development of song as a motor pattern in the sense that the temporal sequence of notes becomes fairly regular at this point ). Thus, a circuit that includes lMAN is necessary for learning during early stages of vocal development but appears to play no role in vocal production thereafter. The decrease in the effectiveness of lesions within this pathway indicates a remarkable change in its function, whatever that may be. It seems that either the function subserved by this circuit is no longer important for vocal learning and production or its function is taken over by other songcontrol circuits, such as the HVC → RA pathway. In relation to our general understanding of neural mechanisms of learning, the decreased involvement of lMAN in song behavior suggests that even if a specific brain region is intimately involved in the initial representation of some behavior, the long-term memory (or permanent neural represenation) of that behavior may reside in a quite separate location in the brain (cf Zola-Morgan & Squire 1990).
Zebra finches raised in acoustic isolation and subsequently exposed to conspecific song are able to produce a good copy of the tutor song long after the normal sensitive period for auditory learning has ended (Eales 1987) . This result suggests that absence of the requisite auditory experience may prolong the time during which learning about the acoustic characteristics of vocal sounds can occur. The extended ability of acoustically deprived birds to benefit from delayed auditory experience is reminiscent of a similar finding in the mammalian visual system, in which dark-reared animals continue to be susceptible to the effects of monocular deprivation beyond the sensitive period for such manipulation (e.g. Mower 1991 ). This type of result suggests that specific types of experience may induce certain changes in the nervous system that contribute to the closing of associated sensitive periods. In accord with this idea, Morrison & Nottebohm (1993) have shown that lMAN is necessary for delayed song learning by acoustically isolated males; that is, lMAN lesions in fully adult birds that had been reared in isolation prevented the acquisition of new song syllables from tutors. Thus, auditory experience may normally contribute to changes in the lMAN pathway that alter its function in such a way that lMAN lesions no longer disrupt vocal behavior and birds lose the ability to learn new song sounds.
Auditory Responses in Neural Song-Control Circuits
Auditory responses to song sounds are ubiquitous at all levels of song control circuitry, including HVC, RA, lMAN, X, DLM, and the vocal motor neurons (nXIIts) (e.g. McCasland & Konishi 1981 , Margoliash 1983 , Williams & Nottebohm 1985 , Doupe & Konishi 1991 . A striking feature of this auditory responsivity is that the most effective stimulus for song-control neurons in adult birds is the individual bird's own song (Margoliash & Konishi 1985 , Doupe & Konishi, 1991 . Playing songs backwards, which reverses the dynamic pattern of frequency and amplitude modulation but preserves the overall spectrum of song sounds, greatly reduces or eliminates song-selective responses. Some individual neurons within HVC respond selectively to highly complex acoustic stimuli, for example responding only to sequential combinations of two or more song syllables (Margoliash 1983 , Margoliash & Fortune 1992 . HVC receives inputs directly from auditory cortex and appears to be the source from which auditory activity in other song-control nuclei emanates (Williams & Nottebohm 1985 , Doupe & Konishi 1991 , Fortune & Margoliash 1995 . Song-selective responses are apparently weak or nonexistent in auditory cortex but emerge at the level of HVC (Margoliash 1986 ). Interestingly, the two sets of projection neurons within HVC (i.e. HVC → RA and HVC → X neurons) must both relay song-selective activity, since lesion (or temporary inactivation) of lMAN has no effect on auditory responsivity of RA neurons, but inactivation of HVC abolishes auditory activity in both X and RA (Doupe & Konishi 1991) . Thus, both the direct route and the scenic route to RA contain neurons that are specifically tuned to the bird's own song in adult birds that have already learned to produce stable songs.
The pronounced tuning of auditory responses in song-control nuclei of adult birds relates to the question of how initial auditory experience with the tutor song leads to the formation of a long-term memory that is stored in the brain of juvenile birds (i.e. a song "template" that is the result of auditory learning; cf Marler & Peters 1981) . Could the template be detected by looking for songselective activity in specific brain regions of juvenile birds during early stages of song learning? Volman (1993) examined auditory responses in HVC of juvenile white-crowned sparrows following exposure to tutor song. She found that HVC neurons of birds that had not yet started to produce song showed no selective response to the tutor song they had heard previously. In contrast, HVC neurons of juvenile birds that had learned to produce a fairly good copy of the tutor song showed a strong preference for both the tutor song and their own song. Neuronal activity in these latter birds, as in adults, showed a stronger response to the bird's own song than to the tutor song. Interestingly, birds whose songs were most different from the tutor song showed a greater differential response to their own song (cf Margoliash 1983) . These results indicate that the (initial) memory of the overall acoustic structure of tutor song is not encoded in the activity of HVC neurons. The dramatic change in tuning of HVC neurons of birds during the course of song learning shows that song selectivity within HVC emerges during auditory-motor integration (i.e. during early stages of song production), perhaps under the influence of auditory feedback (as opposed to experience with the tutor song). Thus, the development of song-selective responses within HVC appears to reflect some restricted aspects of the learning process. Whether auditory experience with the tutor song has any influence on the activity of HVC neurons during auditory learning (prior to the onset of auditory-motor integration in white-crowned sparrows) is unclear. However, it is interesting that HVC neurons of nonsinging birds were clearly sensitive to complex dynamic aspects of song sounds, despite the fact that they showed no overall preference for the previously heard tutor song. An interesting experiment would be to compare the responses of HVC in young (nonsinging) birds that had been tutored versus the responses of those raised in acoustic isolation, in order to see whether the tuning of HVC neurons is modified during auditory learning.
What is the function of song-selective responses throughout the neural substrate for song in adult birds? Because auditory feedback is necessary for adult zebra finches to maintain stereotyped song , one possible role for song-selective auditory responses is maintaining stable behavioral patterns. For this reason, it would be interesting to know whether song selectivity would break down as song behavior deteriorates in adult birds deprived of auditory feedback. However, auditory responsivity in lMAN, for example, is clearly unnecessary to maintain stereotyped song, since lMAN lesions have no disruptive effect on song in adult birds. Another possible function for selective responses to the bird's own song (as well as to conspecific song, which is frequently an effective stimulus) is in mediation of song recognition. Lesions of HVC disrupt the ability of adult female canaries to discriminate canary songs from those of white-crowned sparrows (Brenowitz 1991) , and lesions of Area X in adult male zebra finches diminish their ability to discriminate their own songs from those of conspecifics (Cynx et al 1991) .
DEVELOPMENT OF THE NEURAL SUBSTRATE FOR SONG BEHAVIOR
Developmental Changes in Volume and Neuron Number of Song-Control Nuclei
The changes in neural circuitry that underlie learning are commonly thought to be encoded by changes in synaptic efficacy. However, the neural substrate for song control undergoes dramatic morphological changes during the period of vocal learning in juvenile male zebra finches. These include changes in the overall size of song-control nuclei, number of neurons, patterns of synaptic connectivity, and morphology of individual neurons (e.g. Bottjer et al 1985 Konishi & Akutagawa 1985; Herrmann & Bischof 1986 ; EJ ; Kirn & DeVoogd 1989; Herrmann & Arnold 1991; Nixdorf-Bergweiler et al 1995) . An interesting feature of these changes is their prolonged development compared with circuits that are not related to song control. For example, the size of brain regions that are not involved with song control reach their adult volume around 25 days of age, whereas song-control regions continue to show dramatic patterns of growth and regression thereafter ( Figure 2 ). Thus, wholesale changes in the neural song system are occurring during the period of vocal learning, suggesting that experiential influences stemming from hearing and producing song have ample opportunities to influence neural song circuits (but see below).
Early studies established that HVC and RA grow substantially in males during song learning, more than doubling in volume, whereas lMAN shows substantial regression ( Figure 2 ) (see for review). The growth of HVC entails a huge increase in neuronal number, which is due to inward migration of newly generated neurons, whereas the growth of RA involves no net change in neuron number; it is attributable to a substantial increase in the size and spacing of neuronal somata. lMAN was originally thought to decrease to approximately half its original volume as a result of neuronal cell death. However, subsequent work demonstrated that lMAN consists of two independent subdivisions in adult male zebra finches, and this discovery has led to a reanalysis of the developmental changes seen in this nucleus . Separate thalamic inputs to lMAN (from the thalamic nucleus DLM) define a magnocellular core region surrounded by a parvocellular shell (Figure 1) . The core of lMAN shows slight but significant regression during song development, whereas the shell region undergoes dramatic growth from 20 to 35 days of age, followed by an equally substantial regression between 35 days and adulthood ( Figure 2 ). The core region projects to RA, and there is a pronounced decrease in the incidence of lMAN synapses within RA during song development (although the regression of lMAN core involves little or no loss of projection neurons and is unlikely to involve a substantial loss of neurons in general) (cf Herrmann & Arnold 1991 . The shell region projects to a motor cortical region adjacent to RA (Ad) (Figure 1 ), but the role of this pathway in behavior has not been tested. However, the profound growth and regression of lMAN shell are likely to involve substantial changes in neuron number and suggest a highly dynamic role for this circuit in one or more aspects of song learning. In general, the dramatic growth of HVC and RA and the regression of lMAN are consistent with what we know concerning functional aspects of these structures. That is, lMAN regresses substantially as it is relinquishing its role in vocal behavior, whereas HVC and RA grow substantially and are likely to assume an increasing role in regulating song behavior as vocal learning progresses (cf below). . Male HVC and RA grow dramatically during this period. The growth of HVC is due to addition of newly generated neurons, whereas the growth of RA reflects increased spacing of a fixed number of neurons. Female HVC and RA regress during early stages of song learning, owing in part to cell death. Tel stands for volume of the telencephalon at the level of the anterior commissure. Notice that male HVC and RA continue to grow substantially during song learning after other brain regions (not involved with song control) have reached their adult size. (Data replotted from Bottjer et al 1985.) (Lower panel) Volume changes in lMAN of male zebra finches during song learning (values represent left side only). Independent measurements were made of (dark grey) the combined volume of core (magnocellular) and shell (parvocellular) regions of lMAN, (black) the core (magnocellular) region of lMAN only, and (light gray) the volume encompassed by DiI-labeled thalamic afferents (from DLM to lMAN). The first two were measured in Nissl-stained tissue. The size of lMAN core decreases slightly but significantly, whereas lMAN shell increases greatly in size during early stages of song learning and then regresses. (Data replotted from Annu. Rev. Neurosci. 1997.20:459-481 The gross volume changes in brain regions observed during song learning suggested the possibility that experiential factors might play a role in inducing such morphological changes in the substrate for song, such that these large-scale changes actually reflect vocal learning. Burek et al (1991) tested this idea by measuring volume and neuron number in major telencephalic nuclei of deafened and hearing birds. The development of telencephalic song-control nuclei was the same in hearing and deaf birds, showing that auditory experience had no influence on regulation of neuron number and that normal patterns of growth and regression occur even in birds that do not engage in normal song learning. This result indicates that gross morphological changes in song-control circuits are not a product of the learning process, as suggested above, but rather may be prerequisites to learned changes in behavior. This conclusion seems to represent a general principle of vocal learning; Brenowitz et al (1995) have demonstrated that tutoring two groups of marsh wrens with either many syllables or few syllables led to the development of large versus small learned song repertoires, respectively, although the size (and neuronal number) of HVC and RA in the two groups did not vary. Thus, a large HVC and RA may be permissive for a larger vocal repertoire, but they are clearly not consequences of such.
Changes in Axonal Connectivity and Synaptic Remodeling During Song Learning
Axonal connections of song-control regions show interesting differences in developmental timing relative to one another. In general, the HVC → X → DLM → lMAN → RA pathway develops earlier than the HVC → RA pathway (Konishi & Akutagawa 1985 , Herrmann & Arnold 1991 . Although the growth of HVC during song learning entails a large net addition of newly generated neurons, most or all X-projecting neurons in HVC are born prior to the onset of vocal learning, whereas a large number of RA-projecting neurons are incorporated into HVC during song learning (for review, see ). In addition, axonal projections from X to DLM to lMAN to RA appear to be established early on, whereas the HVC → RA pathway is not functional until some time after the onset of vocal learning: HVC axons grow down to the border of RA early in development but "wait" outside and invade RA sometime after the onset of song production. Thus, part of the major efferent circuit controlling song behavior in adult birds is being created as song behavior is being learned. The later development of the HVC → RA pathway in conjunction with the earlier development of the HVC → X → DLM → lMAN → RA pathway correlates with the selective involvement of this latter circuit in early stages of vocal production, which suggests that the lMAN → RA connection may be directly involved in regulating initial song behavior. Subsequent regression of lMAN in terms of its overall size and synaptic connections within RA correlates with the loss in effectiveness of lMAN lesions, whereas the growth of HVC, the delayed ingrowth of HVC-to-RA axons, and the increase in HVC-to-RA synapses indicate that the HVC → RA pathway may gradually take over control of vocal behavior as song learning progresses.
The thalamo-cortical connection from DLM to lMAN undergoes pronounced changes during vocal development (Figure 2) . DiI labeling of the efferent projection of DLM has shown that the volume encompassed by terminal arbors of DLM neurons undergoes a dramatic expansion during early stages of song learning (more than doubling between 20 and 35 days), and the overall size of the postsynaptic target grows to match, although this increase in volume seems to be limited to the shell region of lMAN (cf above). Both lMAN and the terminal field of DLM axons then regress in size during later stages of song learning (with lMAN shell regressing significantly more than lMAN core ). These results suggest a substantial remodeling of thalamic terminal arbors and therefore of synaptic connectivity. Because the number of neurons in DLM does not change during song learning, changes in the size of its terminal field are likely to reflect significant growth and regression of individual axon terminals.
Neuroanatomical investigations of the X → DLM → lMAN → RA pathway has revealed that these axonal connections are highly topographically organized in adult birds , Vates & Nottebohm 1995 . This discovery suggests the exciting possibility that this specificity of synaptic organization emerges during vocal development as juveniles are learning song. In particular, the regression of DLM axon terminals in lMAN may contribute to the formation of synaptic specificity. Furthermore, although we have seen that auditory information does not help to specify overall size or neuron number of song-control nuclei, refinement of synaptic connections may be dependent on auditory experience during development. The topographic nature of this pathway also raises the question of whether song-related information is mapped in the various regions that comprise this circuitry. One possibility is a myotopic mapping, since the projection from RA onto the vocal motor neurons is myotopically organized (Vicario 1991) . Another possibility is some organization of auditory features of song, such as song-selective responses. Because vocal learning entails in part the development of precise auditory-motor integrations for matching of specific sounds, one could imagine that there are "domains" vested within discrete subsets of these brain regions, possibly encoding subroutines for particular sounds and their production (cf Vates & Nottebohm 1995) .
Recent work has shown that the efferent projections of HVC to RA and X are not topographically organized (Vates & Nottebohm 1995 , cf Fortune & Margoliash 1995 EF Foster, RP Mehta & SW Bottjer, unpublished observations) . This result seems inconsistent with the idea presented above-namely that the neural substrate for song control might include discrete domains for specific subroutines of song behavior-and suggests the alternate idea that HVC operates in a parallel, distributed fashion (cf Margoliash et al 1994) . It is difficult to see, however, how the temporal sequence of song notes could be encoded in a system that apparently lacks axonal connections for spatiotemporally differentiated patterns of activation. Of course, the extensive projection of very small regions of HVC throughout RA could represent diverse functional connections arising from a small domain of HVC neurons that leads to excitation of some regions within RA and inhibition of other regions. In any case, it is interesting that in addition to the remarkable functional and developmental differences already described between the HVC → RA pathway and the HVC → X → DLM → lMAN → RA pathway, they are also organized in a strikingly different fashion.
GROWTH FACTORS INFLUENCE THE DEVELOPING SONG SYSTEM
Signaling Molecules and Song Learning
We have seen above that preventing vocal learning by altering experiential factors does not influence the large changes in overall size and neuronal number of song-control nuclei that occur during vocal development, suggesting that these gross changes permit learning and are not consequences of it. Thus, although experience may have a profound influence on the fine structure and connectivity of the neural substrate for song, it does not regulate the basic scaffolding. However, the idea that large-scale changes in song-control nuclei are a necessary prerequisite for vocal learning has not been tested directly (i.e. the occurrence of these changes during the period of vocal learning provides only correlational evidence). An alternative strategy for investigating this question is suggested by the need to identify the factors that do regulate the development of this scaffolding. If we can identify signaling molecules that govern the gross morphological development of the song system, then we can begin to manipulate neural development and assess the resultant effects on learned behavior.
RA is a motor-cortical region that doubles in volume during early stages of vocal learning in juvenile males, when the primary or sole source of presynaptic inputs to RA is provided by lMAN neurons. Could signals from lMAN regulate the growth of RA through some type of cell-cell interaction? Recent studies of induced cell death in RA have shown that lesions of lMAN in 20-day-old males lead to the death of almost half of RA neurons, as well as to a 40-50% decrease in volume (Johnson & Bottjer 1994 ). Thus, removing RA's only known source of presynaptic input causes massive apoptotic cell death and overall regression during a period of development that corresponds to the onset of song learning.
The trophic signal provided by lMAN neurons to promote RA neuron survival and growth appears to be mediated by neurotrophins, since direct infusion of brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), or NT-4 (but not nerve growth factor) into RA following lesion of lMAN completely suppresses apoptotic cell death within RA (Figure 3) (Johnson et al 1997) . Furthermore, BDNF and NT-3 (but not NT-4) are anterogradely transported from lMAN to RA, suggesting that lMAN neurons may normally produce these growth factors and orthogradely transport them to RA (cf von Bartheld et al 1996) . An alternative explanation is that afferent signals provided by lMAN axons regulate the production of neurotrophins within RA, which rescue neurons via an autocrine or paracrine fashion. Either way, the release of neurotrophins onto neurons in RA could mediate cell survival as well as numerous other developmental changes. For example, the growth of RA during song learning is due to a substantial increase in the size and spacing of neuronal somata , Kirn & DeVoogd 1989 ). This result suggests that the dendritic arbors of RA neurons, as well as the terminal arbors of HVC axons, are likely to grow substantially during song learning (cf DeVoogd & Nottebohm 1981) . Neurotrophins have recently been shown to regulate the growth of somata, dendritic arbors, and axon terminals (Cohen-Cory & Fraser 1995 , McAllister et al 1995 , Riddle et al 1995 , so they may regulate similar processes within RA, in addition to neuronal survival.
Interestingly, RA neurons show a decreased dependency on lMAN inputs at slightly later stages of song learning (i.e. by 40 days of age), which could be due to the availability of an alternate source of afferent trophic support as HVC axons grow into RA. However, preliminary results suggest that RA neurons in older birds do not die following combined lesions of lMAN and HVC (Akutagawa & Konishi 1994; F Johnson & SW Bottjer, unpublished observations) . If RA neurons no longer require external afferent inputs for survival as song learning proceeds, then RA neurons may be dependent on postsynaptic sources of trophic support (such as nXIIts), or they may rely on synaptic contacts from within RA (of which there are a large number) (Herrmann & Arnold 1991) . In any case, the time course of RA neurons' reliance on lMAN inputs is separate from the disruption of song behavior caused by lMAN lesions. That is, lMAN lesions appear to be equally effective in disrupting song at 20 and 40 days, although they induce the death of RA neurons only at 20 days. This pattern suggests that the behavioral disruption of song does not reflect secondary degeneration within RA, but rather some function that is intrinsic to lMAN and its inputs. 
Neurotrophins, Learning, and Sex Differences
The ability of neurotrophins to regulate the survival of RA neurons suggests that these factors help to sculpt neural circuits for song behavior. Lesions of RA disrupt song in adult males, and the size of RA appears to set limits on the amount (i.e. number of song syllables) that can be learned (see above; Brenowitz et al 1995) . This latter finding implies that the ability of lMAN to regulate levels of neurotrophins in RA (and therefore neuronal number) could ultimately contribute to the size of a bird's vocal repertoire. The overall pattern of results emphasizes a novel role for neurotrophins: influencing the development of learned behaviors (Lo 1995 , Thoenen 1995 . In addition, neurotrophin regulation of the gross morphological development of RA (overall size and neuron number) returns us to the idea raised above, namely that manipulating the basic neural scaffolding for song behavior may provide a means of investigating the role of these wholesale changes. Additional evidence that the overall size of song-control nuclei is an important determinant of the ability to learn song is provided by the sexually dimorphic nature of the song system. Females do not learn to sing, and many female song regions undergo naturally occurring neuron death during development (i.e. during the same phase when juvenile males are learning to sing) (cf Figure 2) . For example, the volume of RA does not differ between males and females around 10 days of age, but thereafter, the size of RA diverges as it increases in males and regresses in females. Does the regression of female RA preclude the ability to produce learned vocalizations? One of the most dramatic degenerative events in the developing female song system is a period of neuronal death in RA that corresponds to a normally occurring loss of afferent input from lMAN (Bottjer et al 1985 , Konishi & Akutagawa 1985 , Kirn and DeVoogd 1989 . Perhaps the naturally occurring deafferentation of RA in juvenile females involves a loss of neurotrophin signaling in RA, thereby leading to neuronal apoptosis and the development of a female-typical RA. In experiments related to this idea, direct infusions of neurotrophins into RA of juvenile females partially "masculinize" (i.e. increase) RA neuron number (F Johnson, P Shim & SW Bottjer, unpublished data). This exciting result will enable future experiments to determine how "adding" a male-typical RA to the female song-control system influences the ability of females to produce learned song behavior.
These results also have implications for basic processes of sexual differentiation. Researchers have known for some time that gonadal hormone treatments during post-hatch development can induce male-typical development of the song system in females (see below). The ability of neurotrophins to regulate survival of RA neurons in both males and females therefore suggests that sex hormones differentially sculpt brain development in part by regulating the expression of neurotrophins and their receptors (cf Sohrabji et al 1995) .
THE QUESTION OF SEXUAL DIFFERENTIATION
Steroid Hormones as Regulators of Sexual Differentiation
Our discussion thus far has dealt primarily with the ontogenetic events that take place within the neural song circuit of males. In females of many Passerine species, the neural song circuit is much reduced relative to males, and females sing little or not at all. The dominant theory explaining sexual differentiation of vertebrate brain comes from research on mammals and states that sexual differentiation of the brain is controlled entirely by secretions of the gonads during early critical periods of development. For example, during the perinatal period of sexual differentiation in rats, the testes secrete testosterone, which enters the CNS, where it and its metabolites (most importantly estradiol) trigger masculine patterns of development by regulating basic processes such as cell survival and differentiation (Arnold & Jordan, 1988) . Feminine patterns of development occur in the absence of testicular secretions. One central idea is that gonadal secretions are the only factors that control the developmental choice between masculine and feminine patterns of neural development .
Studies of sexual differentiation of both brain and periphery in non-passerine birds have led to an avian variant of this gonadocentric theory. Instead of testicular secretions causing masculine development, ovarian secretions of estrogen have been implicated in triggering feminine patterns of development of the syrinx and genitalia of ducks, and of copulatory behavior of quail (Taber 1964 , Adkins-Regan 1985 , Balthazart 1992 . Masculine differentiation results from the lack of ovarian estrogen. These classical concepts of avian sexual differentiation are similar to those of mammals in that gonadal secretions are thought to trigger sexually differentiated growth, but in the case of birds the secretions are ovarian.
Do Zebra Finches Follow the Mammalian or Avian Pattern of Sexual Differentation?
Initial studies of sexual differentiation of the neural song system in zebra finches (a passerine bird) supported the idea that this system follows the mammalian pattern of sexual differentiation. When hatchling female zebra finches are treated systemically with estradiol, they develop more masculine song-control nuclei and produce learned vocalizations like those of males (Gurney & Konishi 1980 ; reviewed by Arnold et al 1996) . For example, estradiol partially masculinizes the volumes of HVC and RA (increasing them by about threefold) and fully masculinizes the size of RA neurons. The ability of estrogens to masculinize song-control regions has been replicated by numerous laboratories and is accordingly widely accepted. Estradiol exerts its masculinizing effect by reg-ulating neuronal survival, synaptogenesis, and neuritic outgrowth in specific regions of the song system (e.g. see Arnold 1992 for review). Moreover, early studies suggested that both estrogen and androgen could, by themselves, induce some components of masculine development in females. For example, estradiol seemed best at masculinizing (increasing) the size of RA neurons, whereas dihydrotestosterone (a nonaromatizable, androgenic derivative of testosterone) seemed best at masculinizing the number of RA neurons (Gurney 1981) . These findings corresponded closely to the idea generated from research in mammals, that the male's testes secrete testosterone, which is metabolized into estrogenic and androgenic metabolites, which act via separate receptor systems to induce different components of a fully masculine developmental program. This idea gained support from reports that androgen given to adult females that had been treated with estrogen as hatchlings caused further masculinization beyond that induced by estrogen alone (Gurney & Konishi 1980) , and that this androgenic effect was correlated with an estrogen-induced increase in numbers of songcontrol cells expressing androgen receptors (Nordeen et al, 1986) . Finally, zebra finch males were reported to have much higher plasma levels of estradiol than females during the first week after hatching, when estrogen treatment of females can cause a significant degree of masculinization of the telencephalic song circuit (Hutchison et al 1984) .
Since the mid-1980s, however, numerous studies have either directly conflicted with this mammalian concept of zebra finch sexual differentiation or significantly qualified it. One problem is that two laboratories have failed to replicate the finding of sex differences in plasma levels of estrogen in hatchlings (Adkins-Regan et al 1990 , Schlinger & Arnold 1992 . A related problem is that there is no evidence, despite numerous studies that bear on the issue, that the male brain is exposed to more estrogen than the female brain. Zebra finches have an unusual pattern of estrogen synthesis. Although estrogen can be found in plasma of male zebra finches (Adkins-Regan et al 1990) , the testes and adrenals appear to possess little if any aromatase, which is the enzyme responsible for synthesis of estrogen from androgen (Schlinger & Arnold 1991b) . In contrast, the brain possesses high levels of aromatase activity, especially in hypothalamus and in broad areas of the cortex, near but not in brain regions that control song (reviewed by . Thus, the estrogen found in plasma is probably formed in brain and released into the general circulation. This site of estrogen synthesis means that measures of plasma estradiol may not reflect the levels to which the brain is exposed. Moreover, there is no evidence for sexually dimorphic expression of estrogen receptors or estrogen synthesis in brain (see Arnold et al 1996 for review) . Although studies to date have not rigorously excluded the ideas that estrogens may be formed locally at higher concentration in the male brain than in the female brain, or that estrogens have greater effect in males than in females, the studies that bear on these ideas have not provided any support for them. Thus, studies of steroid secretion have not solved the origins of sex differences in the zebra finch brain.
Researchers have also analyzed the importance of androgens in sexual differentiation. In general, androgen treatment of hatchling female zebra finches results in only modest masculinization of the song system, in contrast with the more dramatic masculinization caused by estradiol (Gurney 1981 , Schlinger & Arnold 1991a , Jacobs et al 1995 , but see Bottjer and Hewer 1992 . These results suggest that androgens have some masculinizing effects on development of the song system but not a large role. No studies of plasma steroids have found a higher titer of any androgen in males than in females (Hutchison et al 1984 , Adkins-Regan et al 1990 , Schlinger & Arnold 1992 . The relatively weak effects of androgens, and more potent effects of estradiol, are somewhat paradoxical considering the distribution of steroid receptors in the neural song system during post-hatch development. Androgen receptors are widely expressed in song regions HVC, lMAN, RA, the midbrain region ICo, and nXIIts, and males have many more androgen receptors than do females in telencephalic song-control regions (Arnold 1980) . In contrast, estrogen receptors are expressed at low levels in HVC and are virtually absent in most other telencephalic song nuclei (Nordeen et al 1987 , Gahr & Konishi 1988 . This pattern of expression of steroid receptors suggests that androgen receptors in the song system probably play some role in addition to (or beyond) sexual differentiation, and that the effects of estrogen on the song system are mediated either by estrogen receptors outside of known song-control nuclei or by estrogen effects that are not mediated by estrogen receptors. A large field of estrogen receptor-expressing cells ventromedial to HVC (including paraHVC, which also contains numerous X-projecting cells) is one likely target of estrogen, because microimplants of estradiol near HVC in zebra finch females cause masculinization at doses too low to masculinize in other locations (Grisham et al 1994) . Although the distribution of steroid receptors in the adult song system does not predict the relative ability of androgens and estrogens to masculinize the female song system, it should be emphasized that nothing is known about the expression of estrogen and androgen receptors in ovo and during the first two to three weeks of post-hatch development, when the initial events that determine a masculine or feminine pattern of neural development are likely to occur.
Blocking Estrogen Synthesis or Action Has Little Effect on Neural Development in Males
The experiments that conflict most with the mammalian model of sexual differentiation are those that attempt to interfere with masculine neural development by treating birds with anti-estrogens or with inhibitors of estrogen synthesis.
Several putative anti-estrogens did not inhibit masculine neural development when given to male zebra finches after hatching (Mathews & Arnold 1990 ; see Arnold et al 1996 for review); neither did potent inhibitors of estrogen synthesis, such as fadrozole or vorozole (Wade & Arnold 1994 , Balthazart 1994 . The one exception is the study by Merten & Stocker-Buschina (1995) , in which fadrozole treatment after hatching caused a modest decline in neuron size in RA. It is striking that in numerous studies involving long-term treatments designed to prevent estrogen action in post-hatch male zebra finches, only one study found evidence for demasculinizing effects. This pattern of results does not support the idea that estrogen acts after hatching in males to cause masculine development of the song system.
If estrogen is not critical after hatching, then perhaps it plays a role before hatching. To test this idea, fadrozole was administered to zebra finch eggs at embryonic days 5 or 8 . Genetic males were relatively unaffected by this treatment, suggesting that estrogen synthesis at these times of embryonic development is not critical to masculine development of the song system. However, the fadrozole-treated females were the most interesting. Because estrogen synthesis is required for differentiation of ovarian tissue in birds, fadrozole-treated females developed significant amounts of testicular tissue. This tissue secreted androgen, as evidenced by the masculinization of the syrinx in these females and by elevated levels of plasma androgen. However, the testicular tissue caused little or no masculinization of the neural circuit for song. This result suggests that masculinization of the brain is not simply the result of testicular secretions and that other factors need to be invoked. One possible factor is an antimasculine secretion of the ovary. Because testis-bearing fadrozole females always possessed a remnant of ovarian tissue, this ovarian tissue may have secreted an antimasculine factor that inhibited masculine development of the song system. This suggestion has its roots in ideas about the avian (non-passerine) pattern of sexual differentiation discussed above, although in this case the antimasculine factor is not estradiol, since estradiol treatment does not prevent masculine development of the male's song system, at least after hatching (Mathews & Arnold 1990 ). Another possibility is that masculine development of the song system is partly controlled by genes that are not themselves induced by a gonadal hormone, but rather are expressed because of nonhormonal events in males. For example, the male brain may be inherently more sensitive to estrogen than that of females, which could account for several findings: Partial inhibition of estrogen synthesis does not prevent masculine development in genetic males, the presence of testicular tissue does not masculinize genetic females, and treatments with sex steroids do not completely masculinize the song system in genetic females.
At this point in time, the factors that control sexual differentiation of the zebra finch brain have not been identified. What is quite clear, however, is that classic theories of sexual differentiation are not powerful enough to predict experimental outcomes, and new theories are needed. The simple version of the mammalian idea of testicular masculinizing hormones is inadequate, because functional testicular tissue does not masculinize the song system in females and because various efforts to block estrogen action are relatively ineffective in blocking masculine development in genetic males. The avian idea of an ovarian hormone that blocks masculine development has not been extensively tested, although such a hormone is unlikely to be estrogen. Thus, the hope is that further study of this intriguing neural system will provide new insights into the problem of understanding sexually differentiated neural structures underlying behavior.
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